Solvation of gold nanoparticles passivated with end group functionalized alkylthiols, namely CH 3 , NH 2 or COOH is studied in solvents of varying degrees of repulsiondispersion and electrostatic interactions ranging from strongly polar SPC/E water to modified hybrid water models, where the Lennard-Jones contribution to the potential energy is enhanced relative to SPC/E to completely non-polar, decane. The effects due to solvent reorganization around the nanoparticle as a function of the ligand and solvent chemistry are monitored using the nanoparticle-solvent pair correlation functions and tetrahedral order parameter. The solvent penetration inside the ligand shell is maximum for decane, indicating better solute-solvent interaction in decane compared to other solvents. The COOH end group functionalized nanoparticle breaks the tetrahedral structure of water molecules more as compared to other nanoparticles used in this study. The ligand reorganization and its effect on solvation are monitored using radial density profiles (RDPs), radius of gyration (R g ) and ligand asymmetry parameter ( ∆ ). RDP and R g values show significant stretching of ligands in decane than in model waters, which is also consistent with ∆ . The ligand shell anisotropy for all nanoparticles is maximum in SPC/E water and minimum in decane. The isotropic potential of mean force (V P M F (r)) between two identical end group functionalized nanoparticles have been calculated in vacuum, SPC/E water and H3.00 modified hybrid water, which consistently shows attractive well depth.
Solvation of gold nanoparticles passivated with end group functionalized alkylthiols, namely CH 3 , NH 2 or COOH is studied in solvents of varying degrees of repulsiondispersion and electrostatic interactions ranging from strongly polar SPC/E water to modified hybrid water models, where the Lennard-Jones contribution to the potential energy is enhanced relative to SPC/E to completely non-polar, decane. The effects due to solvent reorganization around the nanoparticle as a function of the ligand and solvent chemistry are monitored using the nanoparticle-solvent pair correlation functions and tetrahedral order parameter. The solvent penetration inside the ligand shell is maximum for decane, indicating better solute-solvent interaction in decane compared to other solvents. The COOH end group functionalized nanoparticle breaks the tetrahedral structure of water molecules more as compared to other nanoparticles used in this study. The ligand reorganization and its effect on solvation are monitored using radial density profiles (RDPs), radius of gyration (R g ) and ligand asymmetry parameter ( ∆ ). RDP and R g values show significant stretching of ligands in decane than in model waters, which is also consistent with ∆ . The ligand shell anisotropy for all nanoparticles is maximum in SPC/E water and minimum in decane. The isotropic potential of mean force (V P M F (r)) between two identical end group functionalized nanoparticles have been calculated in vacuum, SPC/E water and H3.00 modified hybrid water, which consistently shows attractive well depth.
Distance-dependent fluctuation driven anisotropy has also been examined. The implications for self-assembly of passivated gold nanoparticles from aqueous dispersions as well as the dependence of calculated quantities on ligand and solvent chemistry are highlighted. 
I. INTRODUCTION
Inorganic nano-cores passivated with different ligands with charged or uncharged tails self-organize into unique complex structures and show various physical, chemical and biological phenomena, which also depend on size and shape of the passivated nanoparticle [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] .
The advantage of these size-dependent properties can be further magnified and tailored by obtaining self-assembly of these nanoparticles into supraparticular assemblies of varying dimensions and superlattices 2, 3, [12] [13] [14] [15] [16] [17] [18] [19] [20] . In order to obtain an ordered 2D or 3D super-structure from self-assembly process, it is very important to get a stable dispersion of that particular nanoparticle (NP) in a suitable solvent. The passivation of the nano-core with suitable ligands leads to the formation of stable nanoparticle dispersions in various solvent media and is the initial step in order to obtain bulk nano-structures due to NPs self-organizing ability.
The interaction between NPs and the subsequent formation of self-organized nano-structures not only depends on the shape, size and type of the nano-core but also on the ligands used for passivation and the solvent medium 3, 21 , since the solvation free energy also takes into account the ligand-ligand and ligand-solvent interactions. Hence, understanding the behaviour of different ligand passivated nanoparticles in various solvents and the reorganization of the solvent around the passivated nanoparticle is of prime importance in order to elucidate the reasons for the formation of unique structures due to self-assembly process and their relation to several phenomena.
In order to get a passivated nanoparticle, various combinations of nano-core and coatings have been reported in the literature [1] [2] [3] [4] 22 . The nano-core can be metal or its oxide, solid polymers, semiconductors; whereas coatings can be of a thin layer of a hard material on another material to obtain nanoshell particles or can be soft ligands such as small organic molecules, polymers or biological materials. The Au core and the alkanethiol ligands have been extensively studied and the potential energy functions are well established to model such systems 2, [23] [24] [25] . The significance of this system in nanofiltration, drug delivery, biochemical sensors and optoelectronics and other fields have been well illustrated in the literature [26] [27] [28] [29] [30] .
In the present study, we have studied nanoparticles composed of Au nano-core uniformly passivated with various end group functionalized alkylthiols. The basic interactions governing the self-assembly process include van der Waals, magnetic, molecular surface forces, entropic effects and electrostatic interactions 3 . Open structures can be obtained from self-assembly process due to electrostatic interactions, whereas, all other interactions or effects mostly form closed packed structures 3 . The nanoscale selfassembly due to electrostatic interactions can be motivated by appropriate surface functionalization or ω-functionalization of ligands used to passivate bare nano-cores. Experimentally, self-assembly of binary nanoparticles of almost equal size, passivated with oppositely charged ω-functionalized alkylthiols are shown to form large 3D-crystals with diamond-like lattice 31, 32 . Each NP is surrounded by four oppositely charged neighbors at the vertices of the tetrahedron. Initial molecular dynamics studies of self-assembly of alkanethiol passivated gold nanoparticles have been done by Luedtke and Landman 24, 33 . Subsequently, several studies have been performed to understand various aspects of alkanethiol coated gold nanoparticles [34] [35] [36] [37] [38] [39] [40] [41] followed by recent computational studies of ω-or end group functionalized nanoparticles. Yang and Weng studied the structure and dynamics of water, when nanoparticles passivated with different neutral end group ligands are solvated in water 42 . Lane and Grest have also studied similar systems, focusing mainly on the spontaneous asymmetry of the passivated nanoparticles, which seem to depend on the chain length, particle size and thermodynamic variables like temperature and have significant implications on self-assembly process 23 . They have also further extended their study to understand the effects of charged ligands on coating asymmetry 43 In this study, we have carried out simulations of three types of ω-or end group functionalized nanoparticles. The structure, thermodynamics and dynamics of a particular solvent also play an important role in the self-assembly process. Since the solvent properties can be easily varied either by changing the density or temperature, they provide an easy way to control the self-assembly process. Solvents are chosen to have varying degrees of repulsiondispersion, electrostatic interactions and simple liquid character. The solvents considered in this study are SPC/E water model, modified hybrid water models (H1.56 and H3.00) and decane. SPC/E water is anomalous and polar in nature and has both repulsion-dispersion and electrostatic interactions 48 . For modified hybrid water models (H1.56 and H3.00), the degree of repulsion-dispersion contributions to the potential energy is increased by a factor of 1.56 and 3.00 with respect to SPC/E 49 , whereas decane is non-polar 50 . H1.56 and H3.00 are chosen, since they have been extensively studied by their developers as well as in our group 49, [51] [52] [53] [54] [55] . The modified hybrid water models were designed with a view to understand the relative contribution of LJ dispersion-repulsion term to the electrostatic term in determining the bulk and solvent properties of water. As the weight of the LJ term relative to the electrostatic term increases, a set of liquids which may be regarded as hybrids between SPC/E water and LJ liquid are created. Therefore, the modified hybrid water models may also be taken as representative of a range of strong and moderately polar liquids 55 . This particular study has been carried out to examine the effect of solvent interactions, structure and dynamics of the solvent and also the effect of end group functionalization on the thermodynamics of solvation, coating asymmetry and its implications on the self-assembly process.
The remaining paper has been organized as follows. Section II describes the various observables calculated in this study. Section III discusses the potential energy surface and the molecular dynamics simulation details. The results and conclusions are given in Sections IV and V, respectively.
II. SOLVATION STRUCTURE AND THERMODYNAMICS
This section discusses the ideas which we have used to quantify the solvation structure and relate it to the thermodynamics of solvation of a single passivated nanoparticle in water, modified hybrid water models (H1.56 and H3.00) and decane. We have used Ben-Naim approach in order to understand the solvation behaviour 56, 57 . In all our single nanoparticle simulations at constant volume and temperature, the rigid gold-core is held fixed, keeping the center of mass of the gold-core fixed at the center of the solvent box, which eliminates the translational and rotational motions of the gold nano-core. The ligand and solvent molecules are free to reorganize themselves under the influence of each other. The pair correlation function, g ns (r), between the center of mass of the gold nano-core and the oxygen atoms of water (water as solvent) and decane monomer units (decane as solvent) describes the reorganization of solvent molecules around the ligand passivated nanoparticle. The pair correlation function, g ns (r), acts as central structural property, which can be used to define other important solvation properties like solvent excess (n E s ), the local (∆S loc ns ) and longrange (∆S long ns ) contribution to entropy to quantify the solvation behaviour of individual nanoparticles.
The solvent excess, n E s , is defined in terms of the Kirkwood-Buff integral as 58,59
where ρ i is the number density of oxygen atoms or decane monomer units depending on the solvent used. n E s acts as a quantitative measure of the affinity of the solute for the given solvent by estimating the excess number of solvent molecules around an infinitely dilute solute molecule 60, 61 .
Since the rigid gold core is held fixed, the entropy will mostly be associated with the reorganization of the ligand and solvent molecules under the influence of each other.
A. Entropy of the Ligand Shell
The upper bound to the entropy of the flexible, long-chain ligand corona called the ligand shell configurational entropy, S L , can be estimated by the Schlitter's method using the covariances of the ligand atomic coordinates using the formula 62 ,
where, k B is the Boltzmann constant, e is the Euler number and is equal to exp(1), M is the 3N-dimensional diagonal matrix having masses of N atoms of corresponding chains, T is the simulation temperature and σ is the covariance of the ligand atomic coordinates, defined as
where, x i and x j are the Cartesian coordinates of i th and j th atoms. Since, the ligand shell configurational entropy, S L , is the upper bound to entropy, it will always be greater than the absolute entropy of the system, S abs . The entropy is calculated by using coordinates of ligand atoms after fitting each configuration with respect to the first frame of the trajectory in order to eliminate the translational and rotational motions of the ligand.
B. Entropy due to Solvent Reorganization
The change in entropy due to solvent reorganization around the passivated nanoparticle is estimated using nanoparticle-solvent pair correlation function. The total entropy associated with the reorganization of the solvent molecules around the ligand passivated nanoparticle is given as the sum of entropies arising due to the local ordering of solvent molecules and a long-range correction term to the entropy of solvation as 63, 64 ∆S tot ns = ∆S loc ns + ∆S long ns (4)
The local entropic contribution due to solvent ordering around a spherically symmetric solute, ∆S loc ns , can be written in terms of g ns (r) as ∆S loc ns /k = −4πρ i ∞ 0 (g ns (r) ln g ns (r))r 2 dr (5) and the long-range correction term is defined in terms of Kirkwood-Buff integral as
The fluctuations of the soft ligand corona around the passivated nanoparticle give rise to a form of anisotropy, which is an inherent property of single nanoparticles with small size and high surface curvature 23, 65, 66 . This inherent anisotropy is quantified by calculating the mass dipole vector, ∆, between the center of mass of the gold nano-core and the ligand corona as shown in Figure 1 and also the probability distribution of the mass dipole vector, P ( ∆) [66] [67] [68] . We have used ∆ and P ( ∆) to estimate the degree of inherent anisotropy. 
C. Potentials of Mean Force
Using the simulations of a pair of identical nanoparticles in different solvent media, we have computed the isotropic potential of mean force and an unusual form of anisotropy called emergent anisotropy, which depends on the pair separation between the two nanoparticles. the conventional isotropic potential of mean force (PMF), V P M F (r). We have used con-strained molecular dynamics technique 34, 39, 67, [69] [70] [71] to calculate the ensemble-averaged mean force at a pair separation r between two nanoparticles A and B, which can be written as the derivative of the potential energy function, U (r A , r B , r N ) with respect to the pair separation
Consider two nanoparticles A and B with position vectors r
where F A and F b are the forces acting on nanoparticles A and B due to all solvent molecules andr is the unit vector in the direction r = |r A − r B |. Then the isotropic potential of mean force (PMF) can be obtained by integrating over a set of pair separations as
where the last term is important when hard constraints are employed in MD simulations 69, 70 .
In case of two nanoparticles, the mass dipole vector ( ∆) can be influenced by the presence of another approaching nanoparticle. The angle (θ) between the mass dipole vector and the pair separation vector (r) also provides relevant information about the orientation of the ligand shell or mass dipole as shown in Figure 1 . Hence, the changes in the magnitude and orientation of the mass dipole vector in presence of an approaching second nanoparticle give rise to emergent anisotropy. Due to the presence of very high emergent anisotropy, the isotropic PMF becomes insufficient and does not provide reasonable explanations for many aspects of self-assembly process and hence, a two-dimensional anisotropic PMF, V anis (r, cos θ)
is required 66 . In this paper, we compute the isotropic PMF between two identical end group functionalized ligand passivated nanoparticles in various solvent media and characterize the emergent anisotropy by calculating the change in magnitude and orientation of the mass dipole vector as a function of the pair separation between the two identical nanoparticles.
III. COMPUTATIONAL DETAILS
This section gives the details of the potential energy surface and molecular dynamics simulation protocols used for ω-functionalized ligand passivated gold nanoparticles in water, modified hybrid waters and decane. Earlier studies in order to validate the simulation protocols have already been done in our group for Au 140 passivated with alkanethiols in organic solvents 68, 72 . Subsections III A and III B describe the potential energy surface and molecular dynamics simulation details used in our studies.
A. Potential Energy Surface
Modified Hybrid Water Models
The modified hybrid water models were designed with a view to understanding the relative contribution of the Lennard-Jones dispersion-repulsion term to the electrostatic term in determining the bulk and solvent properties of water 49, [51] [52] [53] [54] . The potential energy form for the modified hybrid water models is written as
where U LJ is the Lennard-Jones contribution and U ES is the electrostatic contribution. For the SPC/E model, the hybrid potential parameter, λ, is set to unity. The molecular geometry and partial charge distribution are constant for all values of λ. Increasing λ increases the weight of the Lennard-Jones term relative to the electrostatic term, creating a set of fluids which may be regarded as hybrids between SPC/E water and a Lennard-Jones liquid. Therefore, the modified hybrid water models may also be taken as the representative of a range of strong and moderately polar liquids. The Lennard-Jones site is located on the oxygen atom of each water molecule and is characterized by the energy, OO , and size, σ OO , parameters. The Lennard-Jones contribution to the potential energy for a pair of water molecules is given by
The electrostatic interaction between two water molecules a and b is given by
where i and j index the partial charges located on molecules a and b. The parameters for the modified hybrid water models are summarized in Table SI of the supplementary material 73 . used for alkane chain (R = C 9 H 18 ) and the terminal CH 3 , so only symbol C will be used further to denote a methyl or methylene unit. Hence, the different type of ligands used in this study can be written as SC 10 , SC 9 NH 2 and . All non-bonded interactions were modeled via the Lennard-Jones and Coulomb potential. The parameters for similar atom pairs 34, 50, [75] [76] [77] [78] [79] are given in the Table SII of the supplementary material 73 . Lorentz-Berthelot combination rules were applied for dissimilar atom pairs 80 . Bonds and bond angles were represented using harmonic stretching potential and harmonic bending potential, respectively. For 1-4 torsional interactions, we have used triple cosine and multi-harmonic potential. The parameters for harmonic stretching, harmonic bending, triple cosine and multi-harmonic potential 34, 50, [75] [76] [77] [78] [79] are given in Tables SIII, SIV, SV and SVI, respectively of the supplementary material 73 . We would like to mention that we have used harmonic stretching for bonds instead of rigid bonds as used in original TraPPE-UA potential, both of which give similar results 68 . Additionally, the torsional equations related to terminal groups like NH 2 and COOH used in the literature are not present in LAMMPS MD package, hence, we have fitted these equations to obtain the constants for multi-harmonic potential. The fitted plots to obtain the constants for multi-harmonic potential are shown in Figures S1 and S2 of the supplementary material 73 .
Decane, Gold-core and Ligands
Non-bonded Morse potential was used for the gold-thiolate interaction;
9Å is the equilibrium distance, D e = 38.6 kJ mol −1 is the well depth, and k = 1.3Å −1 controls the range of the potential 24 .
B. Molecular Dynamics Simulation Details
We report molecular dynamics simulations of: (a) bulk water and decane, (b) single ω- 
Passivation of Au 140 Core in Vacuum
We followed the protocol similar to Luedtke and Landman for passivation of the gold core with all types of ω-functionalized ligands 24, 33 . The Au 140 core was placed at the center of a 100Å × 100Å × 100Å cubic cell surrounded randomly with 100 decanethiol chains using PACKMOL package 82 . The system was equilibrated in NVT ensemble for 1 ns at 200 K in vacuum keeping the gold nano-core stationary. To ensure equilibration, rescaling of velocities were performed at every 10 steps. The system obtained after initial equilibration was heated from 200 to 500 K using a ramp of 2.5 K/ps. The system was then gradually cooled back from 500 to 300 K using a ramp of 0.5 K/ps. After the end of passivation protocol, 62 ligands were found attached to the gold core, consistent with the number of binding sites available. The number of attached ligands are also consistent with previous publications 33, 34 .
All other excess ligand chains were removed. To ensure the stability of the passivated gold nanoparticle, 2 ns simulation at 300 K was performed. For passivation of the gold core using SC 9 NH 2 and SC 9 COOH ligand chains, the same procedure was followed, except that the system obtained after initial equilibration of 1 ns at 200 K was heated from 200 to 500 K using a ramp of 0.15 K/ps. Production runs of 20 ns were performed for all three types of passivated (Au 140 (SC 10 ) 62 , Au 140 (SC 9 NH 2 ) 62 , Au 140 (SC 9 COOH) 62 ) nanoparticles in vacuum.
Solvation of a Passivated Nanoparticle
We have used water (SPC/E or H1.00), modified hybrid water (H1.56 and H3.00) and
decane as a solvent. Solvent box for water was prepared by randomly packing the water molecules in 100Å × 100Å × 100Å cubic simulation cell with density 1.00 g/cc (33428 water molecules). For decane, 0.73 g/cc density was used and decane molecules were also randomly packed in a cubic box of same dimensions (3090 decane molecules). The passivated nanoparticle was inserted in the solvent box by growing a void of 18Å in radius in the center of the cubic box by using a soft repulsive spherical indent as shown in Figure S3 of the supplementary material 73 . After insertion, energy minimization of the system was done using conjugate gradient method in NVT ensemble for 1 ns. For all the solvated passivated nanoparticle systems prepared, equilibration runs of 10 ns were carried out in the NPT ensemble at 275 K and 300 K with 1 atm pressure. Once an equilibrium volume was obtained, the barostat was switched off and NVT production runs for 20 ns were performed at the same temperatures.
Potentials of Mean Force in Vacuum and Water
In vacuum, the two passivated nanoparticles were placed along the x-axis at a separation of 55Å between the center of masses of the two nano cores in an orthorhombic simulation cell of 160Å × 100Å × 100Å . The gold core was held fixed in all the simulations.
At this separation, equilibration run of 4 ns and production run of 5 ns were performed with data sampling frequency of 10 steps to generate ensemble averaged mean forces at 300 K and 1 atm. The pair separation between the nanoparticles was reduced along the x-axis by keeping one nanoparticle fixed and moving the center of mass of the other nano core very slowly (10 −6Å per time steps) towards the fixed nanoparticle. Similar lengths of equilibration and production runs were carried at each pair separation up to 24Å separation with the sequential decrease of 1Å . In a solvent box of dimensions 160Å × 100Å × 100Å (1.0 g/cc water, 54078 water molecules), two voids were generated at 55Å separation and passivated nanoparticles were placed inside these voids using VMD package as done for single nanoparticles 83 . At this pair separation, equilibration and production runs of 4 ns and 5 ns, respectively, were performed. Then the separation was reduced as mentioned above from 55Å to 35Å in steps of 2Å and from 35Å to 24Å in steps of 1Å .
While decreasing the pair separation, at each pair separation, equilibration run of 0.5 ns was done. After obtaining initial system at each pair separation, independent equilibration and production runs of 4 ns and 5 ns, respectively, were performed. Following the same protocol mentioned above, PMFs for SC 10 and SC 9 NH 2 functionalized nanoparticles in vacuum and SPC/E water are also obtained at 275 K and 1 atm in order to understand the effect of temperature.
IV. RESULTS

A. Bulk Solvent: Structure, Thermodynamics and Transport Properties
As we have already mentioned, the structure, thermodynamics and transport properties of solvent play a significant role in the self-assembly process. Hence, it is very important to understand the solvent properties first. Figure 2 shows the radial distribution function (RDF) of oxygen atoms of water molecules for modified hybrid water models with λ = 1.00, 1.56 and 3.00 at 300 K and 1 atm, where λ = 1.00 corresponds to pure SPC/E water.
The same figure also shows the RDF of decane monomer units at the same temperature and pressure, including bond, angle and dihedral peaks. The RDFs of oxygen atoms clearly show the change in position and height of the first and second peaks with increasing contribution of LJ term relative to the electrostatic term. The position of the first peak for SPC/E water is at ≈ 2.75Å , which is clearly less than the van der Waals size parameter of an oxygen atom, due to hydrogen bonding. The second peak lies at ≈ 4.60Å , about 1.7 times the distance of the first peak position. This structure is a typical signature of tetrahedral liquids.
As the hybrid potential parameter, λ, is progressively increased, the peak positions change and at λ = 3.00, the first and second peaks are at ≈ 3.20Å and ≈ 6.40Å , respectively.
The second coordination shell is at twice the distance of the first shell and is typical of a Table I .
The number densities, ρ * liq , reported in Table I for different solvents are almost similar (≈ 0.03Å −3 ). The number densities for modified hybrid water models have been calculated by taking the number of oxygen atoms, whereas in case of decane, each decane monomer unit is taken as a single entity. The correlation coefficient (R = ∆W ∆U / (∆W ) 2 (∆U ) 2 ) and the slope of the correlation plot (γ U W = ∆W ∆U / (∆U ) 2 ) are also reported [84] [85] [86] [87] [88] [89] [90] [91] . The correlation coefficient defines the correlation between configurational energy and virial for liquids and can be used to judge the extent of simple liquid behaviour. Simple liquids show very strong configurational energy-virial correlations with R ≥ 0.90 84 . As the λ is increased from 1.00 to 3.00, the R value increases from 0.063 to 0.317, indicating a progressive increase in simple liquid behaviour. The slope of the correlation plot also increases from 0.349 for λ = 1.00 to 2.768 for λ = 3.00. In case of decane, for calculating the correlation coefficient, very high for decane and this value as well as the corresponding γ U W value for decane are comparable to simple liquids. High R values also indicate that the structure and dynamics of the liquid will be dominated by pair correlations. The isothermal compressibilities, pair entropies and diffusivities of different solvents have also been reported in Table I . The isothermal compressibilities (κ τ ) are calculated using fluctuation formula and give the extent to which a liquid can be compressed under certain applied pressure. The pair entropy can be related to the local structure of the liquid and for an atomic mixture with X α mole fraction of species α, the pair entropy, S 2 , is given by
where g αβ (r) is the pair correlation function (PCF) between atoms of type α and β 92,93 .
The diffusivities were calculated using the Einstein relation (D α = lim t→∞ |δr i (t) | 2 /6t) 94 .
Decane has the highest compressibility with lowest entropy and diffusivity among all the solvents used at 300 K and 1 atm, whereas if we consider modified hybrid water models, the compressibility, pair entropy and diffusivity follow non-monotonic behaviour with the increase in hybrid potential parameter, λ. The non-monotonic changes observed in different thermodynamic and dynamic properties of modified hybrid water models are in sync with the changes observed in the structure defined by radial distribution functions as shown in energy is estimated to be 70% of the value for SPC/E water. Therefore, the system can be treated as a moderately polar one. 
B. Solvation of a Single Nanoparticle
In this section, we study the solvation of three types of end group functionalized nanoparticles in various solvent medium and infer the effects caused due to the reorganization of solvent and ligand in presence of each other.
Effect of Solvent Reorganization
The reorganization of water molecules and decane monomers around the Au 140 (SC 10 ) 62 , Au 140 (SC 9 NH 2 ) 62 and Au 140 (SC 9 COOH) 62 nanoparticles can be described by the pair correlation function (PCF), g ns (r). Figure 3 The penetrability of the solvent at lower r increases with increase in λ and is highest in case of decane, where the solute-solvent interaction is even more favorable compared to H3.00 modified hybrid water model. Similar effects with the change in the solvent can also be seen for Au 140 (SC 10 ) 62 and Au 140 (SC 9 NH 2 ) 62 nanoparticles (data not shown here).
The reported pair correlation functions, g ns (r), do not approach unity even when r → ∞ due to use of finite system size and NVT conditions, which results in a significant deviation of 1/N from unity. Hence, all the solvation quantities, which depend on the Kirkwood-Buff integral do not converge, however, the relative values can provide significant information. decane for all the nanoparticles i.e. the affinity of nanoparticles for decane solvent is highest among all the solvents used in this study, which is expected, since the penetration of decane into the ligand shell is maximum. With the increase in λ or repulsion-dispersion interaction, the solvent penetration increases inside the ligand soft corona as compared to H1.00 as seen in Figure 3 (b), which gives less negative n E s value in H3.00 than H1.56 and H1.00 i.e., the nanoparticles are better solvated in H3.00 as compared to H1.56 and H1.00. In all the solvents, the n E s value is less negative for Au 140 (SC 9 NH 2 ) 62 than Au 140 (SC 10 ) 62 and Au 140 (SC 9 COOH) 62 nanoparticles. Temperature also affects the n E s value. At lower temperature, the affinity of solute for any solvent is more than at higher temperature (data not shown here).
We have also estimated the local (∆S local ns /k B ) and total entropy (∆S total ns /k B ) as shown in Figures 4(b,e ), 4(c,f), respectively. The local entropy, as well as the total entropy, is generally maximum in decane even when the solvent penetration inside the ligand shell is maximum for decane. In modified hybrid water models, the local entropy and the total entropy increase with the increase in λ. A significant part of the variation in total entropy arises due to local entropic contributions.
In order to understand the behaviour of water molecules in the presence of end group functionalized nanoparticles, we attempt to quantify the changes in the local ordering of water molecules by calculating the local tetrahedral order metric, q tet . The breakdown of the tetrahedral, hydrogen bond network of water in the presence of different solutes can be best monitored using the local tetrahedral order parameter [95] [96] [97] [98] . The local tetrahedral order parameter, q tet , associated with an atom i, is defined as 95, 96 
where j, k are the nearest neighbors to the central atom, i of a given molecule. ψ jik is the angle formed between the bond vectors r ij and r ik . For perfect tetrahedrality, the value of q tet is 1. While calculating q tet , we have considered oxygen atom of water molecules and no other atoms of the passivated nanoparticle. Figure 5 shows the local tetrahedral order of waters, q tet (r), as a function of the distance from the center of mass of the gold core in SPC/E or H1.00 and H3.00 at 275 K and 1 atm, since the effect is more prominent at low temperatures.
At very large distances (r > 24Å ) from the center of mass of the gold core, the effects due to the presence of nanoparticles as a solute are insignificant and the tetrahedral order corresponds to the bulk value for SPC/E and H3.00 i.e., 0.664 and 0.485, respectively, at 275 K and 1 atm. The bulk value for SPC/E is high compared to H3.00 because of the differences in the hydrogen bond strengths of the two liquids. q tet (r) decreases only when r is close to the periphery of the passivated nanoparticle. The decrease in q tet with r is more pronounced for SPC/E water compared to H3.00. At low r, the decrease is more prominent, probably because of the less number of SPC/E water compared to H3.00 water inside the ligand shell as evident from the degree of penetration of solvents as shown in Figure 3 (b).
The Au 140 (SC 9 COOH) 62 nanoparticle affects the tetrahedral ordered network of water to with each other and show a high tetrahedrality peak at ≈ 0.80 and a very small bump at slightly low tetrahedrality. Thus, there is no effect due to nanoparticles or the end group functionalization on the tetrahedral structure of water molecules and the q tet (r) resembles the tetrahedral order of bulk water. At 19-20Å distance, the water molecules are near or just inside the ligand soft corona and hence the effect due to end group functionalization can be clearly seen. The degree of interaction of the functionalized group with water molecules follows the order COOH > NH 2 > CH 3 and hence the degree of breaking the tetrahedral order of water also follows the same order as noticeable in the P r (q tet ) plots at intermediate r. At this distance, a clear bimodal distribution can be seen. In case of H3.00 modified hybrid water as the solvent, the tetrahedral structure of the liquid is already broken due to low hydrogen bond strength and hence all the P r (q tet ) plots look alike. 
Effect of Ligand Reorganization
In this section, we attempt to quantify the structure of the ligand shell of the three end group functionalized nanoparticles used in this study in the presence of liquids with varying degrees of repulsion-dispersion and electrostatic interactions. The ligands are free to move in the presence of solvent and hence, contribute to the total free energy of solvation. The shape and size of the passivated nanoparticle also affects the self-assembly process. Figure 7 common in all type of ligands are used to compute the radial density profiles with respect to the center of mass of the gold core. In SPC/E water, the structures of all the different types of ligand shells are almost similar, except slight differences in peak heights for SC 10 ligand shell as compared to SC 9 NH 2 and¸ligand shells. The similarity of RDPs in SPC/E water may be attributed to very less penetration into the ligand soft corona by water molecules.
The ligand structure is more open and stretched in decane compared to SPC/E, probably due to more penetration of decane solvent inside the ligand shell as compared to SPC/E. The methylene units are stretched up to ≈ 21Å and ≈ 20Å in decane and SPC/E, respectively.
The differences between the structure of different ligand shells are also more prominent in decane than SPC/E. Figure 7 (b) shows the¸ligand shell structure in different solvents and vacuum. As we have already mentioned, with the increase in interaction between solute methylene units and solvent, the penetration of the solvent inside the ligand shell increases.
This increase affects the ligand shell structure and the ligands try to stretch more, which increases the probability of methylene units at r > 16Å and decreases the probability of methylene units at intermediate r values from the center of mass of the gold core.
In order to quantify the structure of the ligand shell further, we have calculated the radius of gyration (R g ), which provides a quantitative measure of the expanded state of the ligand shell and we attempt to relate the R g data to the RDPs and the inherent anisotropy of the passivated nanoparticles. R g has been calculated using the average distances of sulfur and methylene groups of all the ligand chains from the center of mass of the gold core and are reported in Figure 8 (a). Since all three types of ligand shells are most stretched in decane solvent, as apparent from Figure 7 , the highest R g value for all three types of ligands is seen in decane solvent. The R g values follow the order, decane > vacuum > H3.00 ≈ H1.56 > SPC/E. The R g value for¸ligand shell is in general slightly less as compared to SC 9 NH 2 and SC 10 ligand shells except in vacuum, probably because the COOH group is a bulky group compared to CH 3 , NH 2 groups and under the effect of this bulky group and pressure of the solvent, the ligand chains fold slightly. Temperature also significantly alters the R g values, but this effect cannot be generalized. The sulfur and methylene groups are considered to effectively compare all the three types of ligand shells. The ∆ value represents the degree of inherent anisotropy present in the passivated nanoparticles, more the ∆ value, more is the anisotropy. The highest anisotropy is seen in SPC/E and H3.00 water and least in decane for all the three types of ligand shells.
The anisotropy follows the order, SPC/E ≈ H3.00 > H1.56 > vacuum ≈ decane, which is almost inverse of the order observed for R g . The anisotropy of the ligand shells depend on the competition between different types of interactions such as ligand-solvent interaction, ligand-ligand interaction, the free volume available to each chain and slightly on the mobility of the solvent. In H1. 56 be due to greater ligand-solvent interaction and also due to high diffusivity of H1.56 solvent as given in Table I Figure S4 of the supplementary material 73 . All the quantities calculated above to quantify the effect of ligand reorganization have taken into account the part of ligands which are common in all ligands, hence even a small change is of importance and will magnify the difference if the entire ligand is taken into account. Figure 9 shows the snapshots of all three types of passivated nanoparticles solvated in different solvent media. The snapshots clearly show the significant qualitative differences in the structure of the coatings or coating asymmetry.
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FIG. 9. Snapshots of different end group functionalized nanoparticles in solvents of varying interactions at 300 K and 1 atm. Solvent molecules are not shown for clarity. Sulfur atoms are shown in yellow, carbon in cyan, oxygen in red, nitrogen in blue and hydrogen in white.
In Table II , we have reported the upper bound to the ligand shell configurational entropy using Schlitter's method 62 . This method was originally developed to calculate the configurational entropy of biomolecules. The soft ligand shell is expected to reorganize differently in different solvent media and the entropy associated with the organization of the ligand shell can be computed using the covariances of fluctuations in positions of ligand atoms. The entropy for all three nanoparticles is maximum in vacuum and follows the or-der, vacuum > decane > H1.56 > H3.00 ≈ SPC/E. Nanoparticles in decane have greater ligand shell configurational entropy than all other water models due to greater penetration of decane solvent into the ligand shell. H3.00 solvent penetrates the ligand shell to a greater extent than H1.56 solvent, but the ligand shell configurational entropy is more in H1.56 compared to H3.00. The H1.56 solvent has significantly greater diffusivity than H3.00 and SPC/E as shown in Table I . The greater diffusivity contributes to the enhanced reorganization of ligand shell and hence the S L is more for nanoparticles solvated in H1.56 than H1.00 and H3.00. Therefore, S L also depends on the local fluctuations of the solvent medium 99,100 . If we compare the S L of the three nanoparticles in all the solvents used, we find that S L of Au 140 (SC 10 ) 62 > Au 140 (SC 9 NH 2 ) 62 > Au 140 (SC 9 COOH) 62 . The S L for Au 140 (SC 9 COOH) 62 is minimum may be due to the formation of hydrogen bonds between the two COOH groups of different ligands of the same nanoparticle, which restricts the ligand motions, when the nanoparticle is solvated in non-polar liquid like decane. The COOH group from the Au 140 (SC 9 COOH) 62 nanoparticle, when solvated in polar liquid like water is expected to form hydrogen bonds with water, which may also restrict the ligand motions and decreases the ligand shell configurational entropy. 
C. Effective Interactions Between a Pair of Nanoparticles
In this section, we have computed the isotropic potential of mean force (PMF) between two identical end group functionalized ligand passivated nanoparticles in vacuum, SPC/E water and H3.00 modified hybrid water. The gold nanoparticles self-assemble to form bodycentered cubic (bcc), face-centered cubic (fcc) and hexagonal close-packed (hcp) ordered structures depending on the ligand and solvent quality, indicating that the PMF between a pair of nanoparticles is isotropic in nature. However, the gold nanoparticles depending on the ligand, solvent quality and temperature, also form amorphous agglomerates, suggesting the presence of some angular dependence in addition to pair separation distance in overall free energy between a pair of nanoparticles. So, we have also characterized the fluctuation driven anisotropy as a function of the distance between the two nanoparticles in order to understand the importance of anisotropy or orientational dependence arising due to ligand corona fluctuations. Figure 10 shows the isotropic PMF between two identical nanoparticles (Au 140 (SC 10 ) 62 or Au 140 (SC 9 NH 2 ) 62 or Au 140 (SC 9 COOH) 62 ). In all three media (vacuum, SPC/E water, H3.00 modified hybrid water), the PMF profiles are qualitatively similar and are in contrast to the PMF profile for Au 140 (SC 10 ) 62 nanoparticle in organic solvents like hexane, octane and decane as reported in our earlier study 68 . All the PMF profiles in vacuum, SPC/E and H3.00 are characterized by a deep attractive well, whereas the PMF profile of Au 140 (SC 10 ) 62 in organic solvent like decane shows repulsive PMF profile, which indicates that decane acts as a good solvent condition, whereas SPC/E and H3.00 at ≈ 1.0 g/cm 3 density represent poor solvent conditions as compared to decane. The range of interactions is defined as the maximum pair separation for which the attractive interactions become observable and it can be approximated by 2R c + 2L, where R c is the radius of gold core (8Å ) and L is the distance from the surface of the gold core to a position in space, where the ligand monomer density is effectively zero. The L value can also be approximated using the extended length (L ext ) of an alkylthiol, L ext = (n + 1) × 1.2, where n is the number of carbon atoms in the alkylthiol. The range of interactions is slightly high in vacuum than the approximated value of 2R c + 2L ≈ 42.4
A for Au 140 (SC 10 ) 62 nanoparticle, but in solvent, it fits well with the approximated value.
All the PMF profiles can be fitted to a Morse function, D e (1 − exp (−a (r − r e ))) 2 − 1 ,
where a = α/r e , α is the dimensionless range parameter, r e is the equilibrium pair separation and D e is the well depth at r e . The fitting parameters are reported in Table III . The attractive well indicates that the energetics due to ligand-ligand interactions dominate over the entropic effect due to interdigitation of ligands. In vacuum, the well depth (D e ) is maximum and minimum for Au 140 (SC 9 COOH) 62 and Au 140 (SC 10 ) 62 nanoparticle, respectively, since in the absence of solvent, ligand-ligand energetic interaction for¸ligands is more as compared to SC 10 ligands. In SPC/E water, the variation of well depth follows the reverse order as in vacuum. The well depth for Au 140 (SC 10 ) 62 nanoparticle is maximum and minimum for Au 140 (SC 9 COOH) 62 nanoparticle solvated in SPC/E. This can be explained on the basis of greater COOH-water than CH 3 -water interactions. So, the ligand-ligand energetic interaction is more for Au 140 (SC 10 ) 62 nanoparticle in SPC/E, which increases the attractive well depth as compared to Au 140 (SC 9 COOH) 62 nanoparticle. The well depths for all types of nanoparticles are less in H3.00 solvent due to more solvent penetration into ligand shell i.e., better ligand-solvent interaction, which decreases the energetic effect and increases the entropic effect due to ligands. As discussed earlier in case of solvation of single nanoparticle, the solvent penetration into ligand shell is maximum for decane i.e. the ligand-solvent interaction is further enhanced than H3.00 and hence, the PMF profile of Au 140 (SC 10 ) 62 in decane is repulsive in nature. The equilibrium separations r e are also quite different in vacuum, but the variation in r e is comparatively less in solvent media as compared to vacuum.
To understand the effect of the thermodynamic variable like temperature, we have also re- ported the isotropic PMFs for CH 3 and NH 2 functionalized nanoparticles in vacuum and water at 275 K in Figures 10(a) and 10(b), respectively. We find that in case of vacuum, with the decrease in temperature, the attractive well-depth increases for both CH 3 and NH 2 functionalized nanoparticles, whereas in water, the well-depth decreases with the decrease in temperature for both CH 3 and NH 2 functionalized nanoparticles, which is in contrast to vacuum results. Anisotropy due to ligand shell disorder at different pair separations for the Au 140 (SC 9 COOH) 62 nanoparticle in vacuum and SPC/E water at 300 K. The color coding is same as in Figure 9 .
interaction is more compared to SPC/E and hence greater number of ligands align in the direction of the inter-nanoparticle axis compared to SPC/E as can be seen at r = 35Å in interactions. The solvent reorganization around the end group functionalized nanoparticles are characterized by the pair correlation functions, g ns (r), between the center of mass of the gold nano-core and solvent atoms. The PCFs of functionalized nanoparticles in SPC/E water show only slight differences, but the solvation properties calculated using, g ns (r), show significant differences. As the repulsion-dispersion interactions are enhanced relative to the electrostatic interactions, the solvent penetrability inside the ligand soft corona increases at lower r. Decane solvent shows maximum penetrability, even higher than H3.00 modified hybrid water. g ns (r) < 1.0, in the ligand soft corona for combinations of all types of nanoparticles and solvents, due to greater solvent-solvent interactions compared to solute-solvent interactions. The solvent excess, n E s , is maximum (less negative) in decane and minimum (more negative) in H1.00. It gives the quantitative measure of the affinity of solute particle for a given solvent, hence the affinity of nanoparticles for decane solvent is highest among all the solvents used in this study. At lower temperature, solute-solvent interaction is relatively high as indicated by less negative value of n E s . The local entropy (∆S loc ns ) and total entropy (∆S tot ns ) increase with increase in repulsion-dispersion interaction of modified hybrid water models, but it is maximum in decane.
The changes in the local structure of water molecules in the presence of end group functionalized nanoparticles is examined using the local tetrahedral order metric, q tet . At large r from the center of mass of the nano-core, the effect due to nanoparticles is negligible, even for Au 140 (SC 9 COOH) 62 nanoparticle. At the periphery of the passivated nanoparticle, changes in the local structure of water molecules are eminent. The change is maximum for Au 140 (SC 9 COOH) 62 nanoparticle as evident from both q tet (r) and P r (q tet ) plots. The degree of breaking the tetrahedral structure of water molecules follow the order Au 140 (SC 9 COOH) 62 > Au 140 (SC 9 NH 2 ) 62 > Au 140 (SC 10 ) 62 .
The structure of ligands are characterized using the radial density profiles, the radius of gyration (R g ) and ligand asymmetry parameter ( ∆ ). The ligands are more open and stretched in decane than water models, probably due to more penetration of decane solvent inside the ligand shell. The effect of functionalization is also more evident in decane than SPC/E water. The R g values support the observations obtained from radial density profiles and follow the order, decane > vacuum > H3.00 ≈ H1.56 > SPC/E. The highest anisotropy is seen in SPC/E and H3.00 water and least in decane. The anisotropy is maximum for Au 140 (SC 9 COOH) 62 nanoparticle compared to Au 140 (SC 10 ) 62 and Au 140 (SC 9 NH 2 ) 62 nanoparticles in all solvents, except in vacuum. The ligand shell configurational entropy (S L ) com-puted using the covariances in particle displacement of ligand atoms for all three nanoparticles follow the order, vacuum > decane > H1.56 > H3.00 ≈ SPC/E. In all solvents, the S L follows the order Au 140 (SC 10 ) 62 > Au 140 (SC 9 NH 2 ) 62 > Au 140 (SC 9 COOH) 62 .
All the isotropic PMFs for identical nanoparticles in SPC/E and H3.00 water obtained in this study are characterized by a deep attractive well similar to PMF profiles in vacuum. The The V P M F for Au 140 (SC 10 ) 62 in decane solvent is repulsive in nature and in the repulsive regime the ∆ increases significantly accompanied with a sharp decrease in cos θ 68 .
Our results indicate that the chemistry of the ligand and the solvent plays an important role in controlling the solvation and aggregation behavior of the nanoparticles. The structure of the coatings is also highly dependent on the functionalization of passivating ligands and interactions present in the solvent. The changes in the PMF profiles with increasing repulsion-dispersion interaction of solvent signify the importance of solvent chemistry in self-assembly process. It would be interesting to compare our PMF results with PMF profiles for charged end group functionalized ligand passivated nanoparticles in water. SIII. Harmonic stretching potential parameters for the ω-functionalized gold nanoparticles; U (r) = 1 2 k r (r − r 0 ) 2 where, k r is the force constant and r 0 is the equilibrium bond length. Same references were used as given in Table SII 
